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SUMMARY

A research program was conducted to assess the potential benefits of using the Rippled Trailing
Edge (RTE) concept on compressor airfoils for separation alleviation and wake mixing enhancement.
An empirically designed Rippled Trailing Edge (RTE) was tested in a highly loaded. simulated
compressor cascade that had demonstrated large scale suction side separation with a baseline circular
trailing edge. The original RTE design resulted in a 50% increase of the chordwise extent of the
separated flow compared to the baseline trailing edge. Extensive modifications to the RTE resulted in
a fairing that eliminated separation, indicating that Rippled Trailing Edges have potential for
separation alleviation on compressor trailing edges. However, the failure of the first design shows the
weaknesses of the empirical RTE design procedure that was employed, and that many unknowns still
exist regarding the three~-dimensioaal boundary layer relief concept. Further testing of ripples on more
basic, isolated airfoils is suggested in order to develop further understanding of the three-dimensional
boundary layer relief mechanism, without having to consider the inherent problems associated with
the cascade testing described herein. After developing such a data base, Rippled Trailing Edges can
then be evaluated for application to the more complex case of a cascade where curvature and

three-dimensional effects are significant.

Regarding wake mixing enhancement for a lower loading condition less radical trailing edge
ripples were employed. These designs consisted of cutting grooves of varying depth and angle into the
baseline circular trailing edge. Grooving the trailing edge of the simulated compressor airfoil
eliminated vortex shedding and increased base pressure recovery. As a result, losses were reduced
compared to the baseline circular irailing edge. Downstream wake surveys showed that the grooved
trailing edge created a smaller wake defect out to seven trailing edge diameters from the airfoil.
However, farther downstream, where the next blade row would be located, the grooved trailing edge
demonstrated a larger wake defect (though smaller wake width), and slower mixing than the circular
trailing edge. This effect was attributed to the thick trailing edge boundary layers which are a
characteristic of current technology compressor airfoils. Since the objective was to reduce rotor/stator
interaction by reducing the wake defect, the conclusion is that trailing edge grooves are not effective tor

application to current technology compressor airfoils. However. for thinner boundary layus
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applications (or likewise thicker trailing edges), the grooved trailing edges showed enhanced wake
mixing beyond 11 trailing edge diameters downstream of the airfoil, in addition to a significant

reduction in mixing loss.
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INTRODUCTION

State of the art controlled diffusion airfoils are designed with thick trailing edges in order to
reduce airfoil suction side diffusion and hence mirimize the possibility of full boundary layer
separation prior to the trailing edge (Reference [1]). Preventing separation from occurring upstream of
the trailing edge maximizes cascade turning and minimizes profile losses: however. the thick trailing
edges which are required introduce a performance penalty known as base drag. At design point
operation, extreme surface curvature at the trailing edge causes a high diffusion rate which results in
local separation (References [2]. [3] and [4]). This local separation reduces the static pressure behind
the trailing edge thereby increasing the mixing loss. Under higher loading conditions, typical of
off-design operation, the separation point can move several trailing edge thicknesses upstream along
the suction side (References [2] and [3]). This large scale separation results in a loss of cascade turning
which significantly reduces airfoil loading. In addition, the resulting large viscous wake interacts with
subsequent blade rows to produce unsteady loading, which reduces durability and increases noise. At
design point operatior, the wake is much smaller compared to that of the fully separated airfoil

(References [2] and [3]), but it still persists to the next blade row.

Several techniques for eliminating separation by energizing the boundary layer have been
attempted in the past including axial vortex generators and secondary air injection (see References [5].
[6].[7]. and [8]). The present research effort employed a novel concept, that of using three-dimensional
boundary layer relief near the airfoil trailing edge to locally reduce the adverse pressure gradient
imposed on the suction side boundary layer. This concept, known as the Rippled Trailing Edge (RTE).
is shown on an isolated airfoil in Figure 1. In Reference [9], the RTE surface contouring is said to set up
a lateral pressure gradient that drives the boundary layer fluid toward a clashing line between the peak
and trough of the ripples. This three-dimensional boundary layer relief alleviates the strong
streamwise pressure gradient, thereby producing an attached flow to the airfoil trailing edge. Results
from Reference [9] have shown that “through the use of controlled lateral surface contouring. one can
provide a mechanism for alleviation of boundary layer separation effects and thereby produce

aerodynamic shapes that yield higher maximum lift and/or lower drag at high lift™.
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Figure 1. The Rippled Trailing Edge (RTE) Concept
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Convoluted surfaces, such as those on an RYE, are also very effective from a mixing viewpoint.
Convoluted surfaces mixers) have long been used in turbofan engines to rapidly mix the fan and
engine streams to create a rearly uniform velocity profile at the engine exhaust. Paterson has shown in
Reference [10] that <uch lobed mixers generate large scale streamwise vortices which control the rate of
mixing within a turbofan nozzle. These stirring vortices are set up by the inviscid pressure field created
by the convolutions. Paterson observed that the mixing ratz downst :am of mixers is significantly
greater than that developed by the small scale tuibulent eddy interactions which emanate from a
straight trailing edge. Similar resuits are described in Reference [11]. As a result of those stulies,
three-dimensional contouring is being examined in the present effort as a means of increasing the

mixing rate in the wake region of a compressor airfoil.

A combined experimes tal/analytical arproach was undertaken for this research effort.
Experimenrally, a simulated compressor cascade study. similar to that of McCormick et al. ‘n
References [2] and [3], was performed. !n that experiment, a benchmark study of the flow field in the
vivinity of a simulated circular compressor trailing edge with local separation at the trailing edge (low
Icading contiguration), and with intermittent full boundary layer separatioi prior to the trailing edge
(high loading configuration) wa, conducted. The objective of the present study was to apply the RTE
concept to eliminate the separation described in References [2] and [3] for the high loading

copfiguration, in addition to enhancing wake mixing for the iow loading configuration.

Analytically, a three- dimensional singularity sugzrposition method was constructed to simulate
the compressor cascade studied in the ¢xperimental phase of this program. The inviscid “panel”
method predicts the surface pressure distribution over the airfoil surface. A boundary layer analysis is

then used to analytically examine the tendency of the airfoil to separate.
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EXPERIMENTAL DESCRIPTION

Wwind Tunnel Description

The experiment was conducted in a closed loop UTRC Boundary Layer Wind Tunnel nearly iden-
tical to the one used in a previous cascade simulation described in Reference {3]. A schematic of the

tunnel is shown in Figure 2 along with a photograph in Figure 3.

Air was supplied by a centrifugal blower whose flow rate could be changed by means of a vortex
valve at the blower inlet, in addition to a variable pulley system to control the blower speed. The blower
exhausted into a large settling chamber (see Figure 2) in which a series of partial span baffles, screens,
perforated plates, and honeycomb were used to create nearly uniform, swirl-free flow exiting the
chamber. The freestream turbulence level of the tunnel is roughly 0.25% of the tunnel freestream veloc-

ity. A detailed description of the blower and settling chamber can be found in Reference [12].

Just downstream of the settling chamber. a 2-to-1 contraction accelerated the flow into a 41.7
cm(16.41n.) high by 78.7cm (31 in.) wide by 30.5 cm (12 in.) long straight rectangular duct. The combi-
nation of the contraction and straight section was designed in Reference [3] to provide uniform flow
to the entrance of the test section. The boundary layers on the four walls were tripped with a 0.31 cm
(0.125 in.) square bar located approximately 15.2 cm (6 in.) upstream of the test section. The tunnel’s
reference total pressure, dynamic pressure, and total temperature were measured in this straight sec-

tion.

The test section is described in detail in Reference {3] and will be discussed only briefly in this
report. The test section consisted of a 55.9 cm (22 in.) long straight rectangular duct followed by a
variable geometry turning duct. The top and bottom walls of the test section were used to simulate
the midgap streamlines (corrected for boundary layer growth) between two compressor blades. Both
walls were instrumented with static pressure taps and terminated in the downstream dump. The side
walls of the test section were rigid and had Plexiglas windows in the vicinity of the trailing edge for
flow visualization purposes. If needed, endwall suction was available in the trailing edge region to ob-
tain two—dimenstonal flow. After the dump. the flow entered a filter system and heat exchanger and

wis then ducted back into the blower.
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Model Description

The cascade modeli consisted of two sections: a flat plate that was used to obtain realistic com-

pressor boundary layer characteristics (4 /t and 6 /t), and a turning section required to simulate load-
ing effects. Both sections were instrumented with static pressure taps on the suction side and pressure
side. Figure 4 presents a schematic of the simulated cascade model, and Figure 5 shows the relation-
ship of the original cascade (dashed lines) to the simulated cascade. The method used to design the

model geometry and obtain the midgap streamlines is described in detail in Reference [3).

The flat plate. which was constructed of ribbed aluminum with z2n aluminum skin, was 119 cm
(47 in.) long and 2.54 cm (1 in.) thick. The leading edge (a 3-to-1 ellipse) was located at the exit of
the 30.5 cm (12 in.) straight section. It was positioned in the middle of the straight part of the test
section parallel to the top and bottom walls. Both the pressure side and suction side boundary layers
were tripped approximately 15.2 cm (6 in.) downstream of the leading edge with a Hama trip (Refer-

ence [13]).

The turning section was composed of several circular arc plates and a trailing edge piece. The
2.54 cm (1 in.) thick turning plates and baseline trailing edge were constructed of ribbed aluminum
with aluminum skin. The turning section had a centerline radius of curvature of 175 ¢m (69 in.), and
could be configured to provide turning angles of 20, 30, 34, and 40 degrees. The baseline trailing edge

was semi-circular, with a 2.54 cm (1 in.) diameter.

Note that two coordinate systems are shown in Figure 4. The origin of the x, y coordinate system
is located at the leading edge of the flat plate, with the x-coordinate being measured parallel to the
flat plate section. The origin of the x’, y’ coordinate system is located at the trailing edge of the model,

with the x’'—coordinate being measured parallel to the tangent of the metal angle.

Results from Reference [3] showed the 30 degree. high loading configuration to be intermittently
separated over a large extent of the suction surface near the trailing edge, while the 20 degree. low
loading configuration was separated only near the trailing edge circle. Schematics of the approximate

streamline patterns observed in that study are shown in Figure 6.
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Figure 5.
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In Reference [3). flow detachment on the suction side of the highly loaded. baseline airfoil was
observed to occur between 12.7 (5 in.) and 15.2 cm (6 in.) upstream of the trailing edge. it was felt that
starting the lobe contour 5.08 cm (2 in.) to 7.62 cm (3 in.) upstream of the separation point would be
sufficient to initiate secondary lobe flows to energize the low momentum near surface fluid and thereby
prevent separation. Therefore, the starting point of the lobes was chosen to be 20.3¢ «(8in.) upstream

of the trailing edge. Cross sections presented in Figure 7 show the details of the RTE development.

Note that the trailing edge of the RTE was nominally 0.16 cm (0.063 in.) thick while the baseline

trailing edge was 2.54 cm (1 in.) thick. As a result, the boundary layer integral quantities normalized

by trailing edge thickness (4°/t and # /t) are much larger for the RTE configuration. It is believed
that this difference is irrelevant since the more important quantities in terms of boundary layer relief
are the ratio of the lobe height to the boundary layer displacement thickness, and the ratio of the lobe

width to the boundary layer displacement thickness.

The RTE cross sections shown in Figure 7 were derived empirically from previous work with
convoluted (rippled) surfaces where they were used for mixing and drag reduction (References [9),
[10], [11], [14], [15], [16]. [17], and [18]). Unsymmetrical mixers (or ripples) have been shown to provide
very efficient mixing in ejectors and turbofan engines, in addition to significant drag reduction on cars
and other bluff bodies due to the large scale secondary flows they create. The RTE design was unsym-
metrical with a nominal suction side to pressure side lobe width ratio of 2.0 and a pressure side angle,
a,, of 15 degrees (refer to Figure 7). The suction side angle, a;, was determined by equating the area
enclosed by the pressure side penetration below the model centerline to that enclosed by the suction
side penetration above the model centerline thereby maintaining the same geometric centerline as the
baseline trailing edge. The result of this approach was a suction side angle, a;, of 10 degrees. The
centerline radius of curvature of the RTE was 175 cm (69 in.), the same as that of the baseline trailing
edge. Due to its complex geometry, the RTE was constructed of fiberglass molded around an alumi-

num spar.

Due to the shape of the RTE and its thickness, the RTE was instrumented as shown in Figure

8. The pressure side taps were located on the peak and trough of the second lobe to the left of the

11
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center lobe relative to Figure 8. The suction side peak and trough were instrumented on the second
lobe to the right of center. This setup was required because the thickness of the lobes forced the pres-

sure lines to be run along the surface opposite to that on which the measurements were being taken.

Regarding wake mixing for the low loading configuration, less radical rippled trailing edges were
employed. These configurations consisted of grooves cut in the trailing edge as shown in Figure 9.
Grooving the trailing edge reduces its effective thickness, thus reducing the airfoil’s overall loss (see
Reference [19]). The postulated advantage of the grooves over an equivalent straight trailing edge is
the mixing that occurs from the streamwise vortices created by the trailing edge convolutions. These
stirring vortices should mix the wake faster than a two-dimensional shear layer. The postulated result
is that at the same distance downstream of the airfoil, the grooved trailing edge will have a smaller

wake defect than an equivalent circular straight trailing edge.

Models 1 through 5 were constructed of wood with a 2.54 cm (1 in.) diameter circular trailing
edge. Various depth grooves inclined at angles of 20 degrees (Models 2 through 4) and 25 degrees
(Model 5) were cut into the circular trailing edges. For manufacturing ease, the mean camber line of
these wooden models had no curvature. As a result, the total turning of the low loading configuration
was 15.6 degrees compared to 20 degrees in Reference [3]. Models 1 through 4 were instrumented as
shown in Figure 9, but Model 5 was not instrumented. Model 1, which was not groovza, was used as

the baseline.

Experimental Procedure

For the high loading configurations, surface static pressure distributions and trailing edge sur-
face flow visualization were used to determine if separation had been alleviated. For the low loading
configurations, surface static pressure and downstream total pressure distributions were used to eval-
uate mixing enhancement. Hot film anemometry was used to obtain the characteristics of the bound-
ary layers approaching the trailing edge. During all experiments, the tunnel reference conditions were
monitored in the straight duct preceding the test section with a pitot-static pressure probe for measur-
ing the reference dynamic pressure, and a thermocouple for measuring the reference total tempera-

ture. The nominal operating conditions were:
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Inlet dynamic pressure  3.43 cm (1.35 in ) H>0O

Total pressure 124 ¢cm (49 in.) H.O
Total temperature 32CHF)
Inlet ve'ncity 24 m/s (78.2 ft/s)

The Reynolds number based on the nominal operating conditions and the axial chord length was

2.7(10°) for the low loading configuration, and 3.0( 10%) for the high loading configuration.

The surface static pressures were measured with a PSI (Pressure Systems Inc.) Model 780B/T
pressure scanner which is a fully integrated pressure measurement device controlled by an IBM PC/
AT microcomputer through a single IEEE interface. The pressure range of the sensors was 71 cm
(28 in.) H70 differential with an accuracy of approximately +0.03 cm (0.01 in.) HO differential. The
pressure sensors were referenced to the upstream static pressure. P, tominimi-e errorsin tt . alcu-

lations of the surface static pressure coefficients.

The downstrean: total pressure surveys were obtained by traversing a0.32cm (0.125 in.) diameter
Kiel probe with two Daedal Inc. Model 44060 series linear tables in an x-y arrangement. The tables
were controlled remotely through the IEEE interface of an IBM PC/AT minicor: vt2r via a Compu-
motor Model 3000 closed loop stepping motor controller. A £0.98 cm (2.5 in.) H,0 transducer refer-
enced to P,s was used to measure the total pressure sensed by the Kiel probe, and another +().98
cm (2.5 in.) H,O transducer was used to measuie Q,.r . The accuracy of both transducers was esti-
mated to be £0.013 cm (0.005 in.) H~" differential. Data from both transducers were acquired
through a Data Translation Model DT2805/5716. 16 bit A/D board installed on an IBM PC/AT mini-

computer.

The hot film surveys were obtained by traversing a TSI Model 1218-20) boundary layer probe
with the y-traverse table described in the previous paragraph. Tae anemometer that was used was
a TSI Model 1050 general purpose unit operating in the constant temperature moc« The time mear
bridge voltage was found by the averaging circuit of a TSI Model 1076 meter. The time cons ant was
selected such that there were negligible temporal variations in the output. The output of the averaging

circuit was recorded through the A/D board described previons'y.

16




R89-957707

Surface flow visualization was obtained using an ammonia/oza’id technique in which ¢ ther ozul-
id paper was attached to the surface or ozalid chemical sprayed onto "he surface and ammonia then
injected into the rear surface air stream to develop the ozz'id paper or chemical. In regions of stall,
ammonia streaks are directed upstream, while in unseparated flow the streaks are directed down-
stream. This tecnnique was vsed to define flow field two-dimensionality in addition to trailing edge

separation.

17
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ANALYSIS DESCRIPTION

The low speed flow field over a single uirfoil or a cascade of airfoils that is operating near its
design point is typically not dominated by viscous flow effects and therefore can be determined in
terms of solutions to Laplace’s equation. Finite difference methodology has been extensively used to
generate solutions of this type for simple two~dimensional airtoils and three-dimensional wings. The
analysis of complex three-dimensional configurations using finite Jdifference techniques, however, has
not been as extensive, primarily due to the difficulty in generating a computational grid over the flow
ficld of interest. while still being body conforming for application of surface boundary conditions. In
contrast, “panel” methods, taking advantage of the linearity of the problem, apply Green'’s third identi-
ty to develop a surface singularity superposition technique. In such methodologies, a computational
grid covering the flow field of interest is not required. Geometrical features of individual bodies of
multi-component bodies can be accounted for by distributing combinations of vortex, source or dou-
blet singularities over all surfaces. The vortex singularity introduces the effect of thickness or blockage.
The effective solution at a point is determined by the net effect of these surface singularities at that

point.

An analytical model of the RTE airfoil has been made using two panel code methods: a vortex
lattice method developed by D. Mook of VPI and the doublet method (VSAERO) developed by AMI
[20]. [21]. A practical modeling problem is, however, faced in both analyses. when long thin geometries
such as the baseline and RTE airfoils are considered. A typical panel representation for the relatively
low thickness-to—chord ratio airfoils of interest would require an extremely dense array of surface
singularities to avoid solver instabilities arising from ill—conditioning of the “influence coefficient”
matrix. The airfoil surface, therefore, has becn modeled in terms of vortex or doublet singularities
distributed along the mean camber line. Pressure and suction no-flow surface boundary conditions
are imposed along the mean camber line, as in slender body theory. For example. the Mook analysis
assumes that the lattices are joined by straight line segments and that each segment can be calculated
according to the Biot-Savart law. The induced velocity at any point can be obtained by summing the
contribution over all segments. The strength or distribution of the vorticity singularities is determined

by imposing a solid wall or no-penetration condition at one point in each element and by imposing

18
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the requirement that the divergence of vorticity be zero (spatial conservation of circulation around

all segments intersecting a node).

The lifting or flow turning effect of a wing introduces a singular behavior that can be removed
by introducing an inviscid wake of shed vorticity; the strength and position of which is determined
by convecting the wake along the streamlines of the calculated flow field. The position of the wake
is initially assumed known. The distribution of wake vorticity is then calculated by imposing the no-
penetration condition along the sheet. A net pressure discontinuity is produced and the wake is

iteratively displaced to produce pressure continuity across the wake.

The rippled trailing edge surface of the RTE airfoil has been generated using a geometry prepro-
cessor that uses a combination of straight line and circular arc segments. Given the lobe height, the
lobe period and the ratio of crest to trough widths, the surface coordinate generator contructs a discre-
tized surface for the surface singularity placement. The surface of the highly loaded airfoil case (dis-
cussed below) is shown in a four view projection in Figure 10. While the program calculates the
solution for a single lobe, the spanwise effect is simulated using a periodic boundary condition, as
is shown in a coarse mesh representation in Figure 11. The airfoil surface has been divided into three

axial segments, over which an increasingly denser spanwise mesh definition will be used.
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Figure 11. Coarse Mesh Model of RTE Lobe Surface
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RESULTS AND DISCUSSION

High Loading Configuration

Baseline Results

“igaic iZ compares basenne stauw pressuic disinibutions cbtained in this study to those from
Reference [3]. The results are presented as a static pressure coefficient, (P - P,)/Q,s versus axial

distance, x/L, measured from the leading edge of the model. Both data sets were obtained with 19.1
cm (7.5 in.) H,O endwall suction which produced two-dimensional flow over approximately 35% of

the tunnel span.

The static pressure distributions obtained in this experiment demonstrate significantly less load-
ing that those of the previous experiment, as indicated by the reduced area between the pressure and
suction side curves. In addition, a shorter pressure plateau is observed near the suction side trailing
edge of the present baseline suggesting a smaller stall region than in the previous experiment. Surface
flow visualization in Figure 13 shows that separation occurred 10.2 cm (4 in.) upstream of the trailing
edge compared to 12.7cm (5 in.) to 15.2 cm (6 in.) upstream of the trailing edge as described in Refer-

ence [3]; this result is consistent with the trailing edge pressure distributions.

The discrepancy between the two experiments has been attributed to the inability to exactly
match the cascade geometry that was tested in Reference {3]. This is primarily due to the two experi-
ments being performed in different, though similarly designed wind tunnels. Small differences in the
midgap streamline positions, the model location relative to the midgap streamlines, and upstream flow

uniformity all contributed to the discrepancy.

RTE Results

Figure 14 and 15 compare the model static pressure distributions obtained with the RTE to those
obtained with the baseline trailing edge. Section A~A corresponds to the pressure side peak and suc-
tion side trough (Figure 14), while section B-B corresponds to the pressure side trough and suction
side peak (Figure 15). In both figures, the RTE reduced airfoil loading and increased the length of

the pressure plateau on the suction side. Both results suggest that the RTE aggravated suction side
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Figure 15. RTE Pressure Distribution Compared to Baseline — Section B-B
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separation, which is verified by flow visualization in Figure 16. Reverse flow is observed over approxi-

mately 15.2 cm (6 in.) of the RTE compared to 10.2 cm (4 in.) of the baseline trailing edge.

It is interesting to note that even though the trailing edge stall was more severe with the RTE,
only 2.54 cm (1.0 in.) H,O of wall suction was required to obtain two-dimensional flow over 80% of
the tunnel span compared to 19.1 cm (7.5 in.) H>O to obtain two-dimensional flow over 35% of the
span for the baseline configuration. The ripples broke the continuous trailing edge separation into
isolated stall cells between lobes, thereby reducing the tendency of the sidewall boundary layers to

migrate tov'ard the low pressure region created by the separation.

The observed loading reduction shown, in Figures 14 and 15, is partially due to wind tunnel
blockage effects. Flow visualization showed that the RTE was more grossly separated than the baseline
trailing edge, and therefore, the wake convection angle of the RTE is greater (refer to Figure 17). Since
the midgap streamlines were not adjusted to account for the increase in wake convection angle, a re-
striction is created in the suction side streamtube that would not occur in a true cascade of rippled
trailing edge airfoils. This restriction increases the pressure in the suction side streamtube relative
to that in the pressure side streamtube causing an apparent loss in airfoil loading. Had the midgap
streamlines been adjusted to account for the increase in wake convection angle, the change in loading
could be significantly less than the loss that was observed. For this reason, the changes in the measured

pressure distributions will be referred to as changes in the “apparent” loading.

Nevertheless, the flow visualization in Figure 16 suggests that the three-dimensional boundary
layer relief provided by the ripples did not overcome the adverse pressure gradient imposed on the
boundary layer by 40 degrees of turning (30 degrees due to mean camber line turning, and 10 degrees
due to the suction side lobe inclination angle). To increase the effectiveness of the ripples, a series of
modifications were performed to the RTE. The final configuration (denoted RTE 2) is shown in Figure

18. In this configuration:

1. The suction side troughs were partially filled to produce the same turning in the
troughs as the baseline model (i.e.. a;, = 0 degrees).

2. The suction side lobes were converged to the same width as the pressure side lobes.
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3. Thesuction side peaks were built up to increase penetration into the boundary layer.

These modifications resulted in a blunt trailing edge. Static taps on the sucuon side peaks were
covered but those or the suction side tiomghs were kept open by extending them through the wax that
was used to m  lify the trailing edge. Due to the time consuming 1ature of these changes. only five
lobes centered around the suction side static p.:ssure taps were modified. The ramifications of

modifyine only five lobes will be discussed 'ater.

Flow visualization obtained from RTE 2 is picsented in Figure 19. Each ammonia streak within
the suction side i’ ~ugh is directed downstream i ~dicating attached flow to the trailing edge. A compar-
ison of the nressure dis' -ibutions obtained v.ith the two RTE mod-ls (Figure 20) shows that RTE 2
increased the “apparent” loading significantly, which is consistent with the elimination of separation

and the resultant decrease in wake convection angle.

The baseline pressure distribution is compared to that of RTE 2 in Figure 21. Since the flow
remained attached on RTE 2, an increase in the “apparent” loading was expected. However, the static
pressure distribution in Figure 21 shows a small loss in “apparent” loading. This loss is partially due
to modifying only five lobes rather than the entire span of 15 lobes. The loading distributinn toward
the leading edge is affected by the five unseparated lobes and the remaining scparated lobes. As a

result, the “apparent” loading is less than it would be if the entire t12iling edge were unseparated.

Another possible cause for the drop in “apparent” loading is the empirical RTE design proce-
dure which matches the suction side and oressure side penetration areas to maintain the saine geomet-
ric centerline as the baseline. Since the transverse momentum on the pressure side is considerably
greater than that on the suctio.» side (due to a healthier bonndary layer), matching the areas may shift
the wake's mea.. centerline toward the suction side, increasing suction side blockage. This is further
aggravated by filling ir the suction side lobes as showr 1n Figure 18. The increased restriction due
to three~-dimensional contouring could negate the blockage reduction which results when separation
is alleviated. As a result, the “apparent” loading could be reduced even though sep~ration was alle-

viated.
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Note that the suction side pressure distribution (section A-A) still flattens toward the trailing
edge, even though the flow is attached. This flattening is attributed to local boundary layer relief within
the converging lobe. It is likely that the suction <ide pressure distribution over section B-B rises contin-
uously to the trailing edge; however, this distribution could not be measured due to the inodifications

performed.

To summarize the results from the high loading configuration, the original RTE design aggra-
vated suction side boundary layer separation. This resulted in an increase in the wake convection angle
which produced a large reduction in the “apparent” airfoil loading. The term “apparent” is used be-
cause the midgap streamlines were not adjusted to account for the increase in the wake convection
angle. Modifications were performed on the original RTE to come up with a second design (RTE 2).
This design eliminated the large scale separation that was present with both the circular trailing edge
and the original RTE. However, this design also showed a small “apparent” loading reduction which
was attributed to a combination of modifying only five lobes, and a possible increase in the wake con-
vection angle due to the three-dimensional contouring of the trailing edge. It is unknown what effect
the RTE 2 contouring would have on the actual airfoil loading if it were tested in a two-dimensional

cascade of multiple RTE airfoils.

Analytical Results

The analytical procedures described in the previous section have been applied to a series of sim-
pler but relevant unit problems to demonstrate the applicability of the methodology to highly loaded
airfoils and to the generation of streamwise vorticity through surface contouring. While our initial
intent was to apply both the Mook and VSAERO analyses to the same problems, development prob-

lems and time limitations necessitated using the more mature VSAERO analysis exclusively.

For the first unit problem, a calculation of the highly loaded baseline cascade configuration was
made. The cascade was modeled in a similar fashion to the experimental setup, i.e., only a single airfoil
was analyzed. The periodic effect of adjacent airfoils has been simulated, as in the actual experiment,
by placing contoured tunnel walls at the calculated midgap streamline locations. A two-dimensional
inviscid finite-difference calculation was performed for the actual cascade. The midgap streamline

was then determined and was used to define the wall contours. The effect of boundary layer growth
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on the airfoil and tunnel walls was simulated as a displacement effect of the midgap streamline loca-
tion. Figure 22 illustrates the analytical representation of the baseline configuration. The experimental
tunnel sidewall spacing was further modified to correct for the airfoil blockage not included in the
present camber line representation. The airfui surface was modeled using 20 axial segments, however
the entire tunnel/model simulation required 592 panels. A three-dimensional representation was used
even though no lateral geometrical variation was present. The predicted VSAERO analysis surface
static pressure distribution and the corresponding measured data are shown on Figure 23. The agree-
ment is quite good over a majority of the surface, but the inviscid analysis does not predict the suction
side trailing edge separation, and therefore also indicates an overloading on the pressure side. A two-
dimensional strip boundary layer analysis was performed using the VSAERO surface velocity distri-
bution and a laminar leading edge start. Transition to fully turbulent flow was induced at a location

corresponding to the location of the physical trips used in the experiment.

In the second unit problem, a calculation of a generic symmetric lobed configuration installed
axially in a “tunnel” of constant cross-section was considered. The intent of this calculation was to
verify that lateral periodicity could be simulated. The lobe surface was constructed from sinusoidal
cross-sectional contours and a largely straight ramp surface. A side view and rear view of the lobe
geometry and a three-quarter paneled view of the entire lobed “airfoil” and “wind tunnel” is shown
in Figure 24. The airfoil surface was defined using 44 axial segments, with the lobed portion using 20
spanwise segments to define a complete period of the lobe. The entire simulation (without the wake)
required 904 panels. An examination of the surface velocity components verified that both periodicity
and local surface flow tangency were being satisfied. A display of the calculated surface pressure coef-

ficient, C,, is shown in Figure 25. The effect of the strong adverse pressure gradient from the lobe

crest on the top surface (pressure 8 = 0 deg) to the lobe trough on the top surface (suction 6 = 0

deg) is clearly seen in the lobe crest and mid-lobe C, distributions. The code imposes a Kutta condi-
tion forcing the pressure and suction surface trailing edge C,, to be equal. however. the last axial data

point displayed in Figure 25 is axially located a half panel from the trailing edge. The irregular lobe

crest suction surface pressure distribution does indicate some modeling problems that wili be dis-
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cussed shortly. While surface flow solutions are directly obtained from the solver, flow field definition
at other points is possible using “off body” calculations, where the effect of all surface singularities
are summed at each point of interest. The spanwise pressure gradient, symmetric about each crest

induces a counter-rotating vortical pattern.

In the final calculation, the complete high loading RTE airfoil configuration was analyzed. The
tunnel sidewall contour was the same used in the initial or baseline simulation. No attempt was made
to modify the midgap streamlines (tunnel sidewalls) to account for the effect of the rippled trailing
edge on the midgap streamline (tunnel wall) contour. The RTE airfoil surface, as seen in Figure 26,
was modeled using the same 20 axial segments as used in the baseline calculation, with an additional
15 axial segments to define the rippled trailing edge. A complete period of the lobe was modeled using
15 spanwise segments. The entire simulation (without the wake) required 1132 panels. The VSAERO
predicted surface loading for the high loading RTE airfoil, as seen in Figure 27, showed a significant
change from the baseline calculation. A study of the experimental data, however, indicates the lobe
surface causes only a localized effect on the vane pressure loading. A color contour display of the pres-
sure and suction side lobe surface loading patterns is shown in Figure 28 to illustrate the global fea-
tures of the lobe surface loading. While the analysis predicts a lower trailing edge loading on the
pressure surface, as in the experiment, the suction surface loading is also decreased, in contrast to
the observed experimental behavior. Similar anomalous predictions have been previously noted in
other internal flow calculations using the thin surface approximation. In those instances, no solution
improvement was observed when the number of panels was substantially increased. An alternative
approach would be to model the actual surface with finite thickness, however, such a configuration

would require many more panels than the 5000 panel maximum currently found in the VSAERO code.

An alternative zonal analysis approach would be to assume that the effect of the rippled trailing
edge would be localized and only affect the trailing edge region. In such a scenario, a two-dimensional
finite thickness baseline solution would be evaluated and flow profiles determined at the three-quarter
chord location. These profiles would then be used as boundary conditions for a full three-dimensional,
finite thickness analysis of the trailing edge region. Such an approach however, is beyond the scope

of the current program.
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Low Loading Configurations
Sta:ic pressure distributions from the low loading configurations are presented in Figures 29
through 31. The overall loading distributions are normalized to the upstream reference conditions,

P,.; and Q,;, while the distributions near the trailing edge are normalized to the cascade exit condi-

tions, P, and Q, . which were measured at approximately x'/t = 35. This latter scaling is used to ob-

tain the base pressure coefficients for each model as described in Reference [3].

Each grooved trailing edge reduced the “apparent” airfoil loading relative to the baseline circular
trailing edge. This effect is due to the three-dimensional trailing edge variaticn which tends to shift,
the wake’s centerline due to vectoring of the healthier pressure side boundary layer «oward the suction
side. The “apparent” loading reduction observed from Model 4 with the shallowest grooves suggests
that the wake centerline is very sensitive to three-dirensional perturbations in the trailing edge con-

tour.

Based on the trailing edge pressure distributions, grooving the trailing edge has a significant im-
pact on base pressure. Base pressure coefficients, (P, - P.)/G,, are presented in Table 1 for each con-
figuration. The base coefficients increased with groove depth except of Model 4 which showed a small

decrease, though it was well within the measurement uncertaiuty shown in Figures 30 through 32.

TABLE 1
BASE PRESSURE COEFFICIENT

Model Groove Depth (cm) Cop
1 0.00 —£.193
2 143 -0.134
3 1.11 -0.165
4 0.64 -0.198

In terms of base pressure recovery, the best configuration was Model 2 which increased Cp,

from -0.193 t0 -0.134. This increase was attributed to the <limination of vortex skedding and the reduc-
tion in base area. A hot film spectrum (see Figure 32) obtained atx’'/t = 2.5 downstream of the baseline
trailing edge showed vortex shedding to occur at a frequency of 131 Hz, consistent with results from

Reference {3]. The corresponding spectrum obtained downstream of Model 2 showed no indication
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Figure 31. Model 4 Pressure Distribution Compared to Baseline
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of vortex shedding. A similar result is described in Reference {22] in which the blunt trailing edge of
a flat plate was segmented to break up its coherence. Such configurations were shown to eliminate
vortex shedding and increase the base pressure coefficient from -0.44 to -0.16. However, results from
Reference [19] suggest that the elimination of vortex shedding from Model 2 may have resulted from
the reduction in base area rather than the discontinuous trailing edge. The grooves in Model 2 reduced
the base area by roughly 36%, giving an effective trailing edge thickness of 1.64 cm (0.64 in.). Results
from Reference [19] show that a 1.27 cm (0.5 in.) diameter circular trailing edge tested in the same
facility, with the same flow conditions and upstream model geometry as Model 2, did not shed vortices.
That trailing edge had a base pressure coefficient of -0.109, which is a significantly higher base pres-

sure recovery than that of Model 2.

Total pressure profiles obtained at x'/t = 11.25 downstream of each model are presented in Fig-
ures 33 through 36, and velocity profiles are presented in Figure 37 through 40. The velocity profiles
were calculated from the total pressure profiles and the measured wall static pressure, assuming that
there was no static pressure gradient across the wake. This assumption is quite valid at this far down-
stream location. Due to the three-dimensionality of the grooved trailing edges, profiles were obtained
at ten spanwise locations: five to the left of the tunnel centerline (z<0), and five to the right of the
tunnel centerline (z> 0). For the circular trailing edge, only four profiles were obtained, two on either
side of the centerline. The abscissa is presented as y’' -~y pr_min/t, Where y'p_nmin is the y’-location
at which the minimum P, was measured at a given spanwise location. Presented in this manner, the
profiles for a given model are very similar at each spanwise location. With that in mind, the profiles
were arithmetically averaged to obtain the profiles in Figures 41 and 42. The average profiles show

that the grooves increase the total pressure defect from 42% to 46% of Q,. increased the velocity

defect from 34% to 39% of Vg, but substantially reduced the wake width.

The total pressure and velocity distributions were used to calculate overall cascade head loss.
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The cascade losses up to the measurement station (x’/t = 11.25) were calculated from:

y'=0% z=zmy
Pr - Pr,, \"

(Loss)jr=11.25 = QrefVires I I oy | \vy dzdy
re re

y'=08 z=zmy,

where Qs = 343cm(1.35in)H,Oand V,s = 24.0m/s(78.8 ft/s). This integrated quantity includes

friction and mixing losses up to x’/t = 11.25. Since the profiles at this station are not uniform, the
potential loss from mixing out the wake to a uniform profile must be included in the overall loss. This
potential loss was accounted for by analytically mixing the measured total pressure and velocity
distributions to a uniform state in a constant area control volume. The procedure is presented in
Appendix A. The sum of the friction loss, mixing loss up to x'/t = 11.25, and potential loss beyond

x'/t =11.25 represents the overall cascade loss.

To determine mixing loss, the friction loss was subtracted from the overall cascade loss. The loss
due to skin friction was determined by measuring the boundary layer profiles on the pressure and
suction sides near the trailing edge of the baseline configuration. These profiles are presented in Fig-
ure 43. Also shown on that plot are the integral quantities calculated from the boundary layer profiles.
The boundary layer characteristics are very similar to those of a CDA airfoil tested in cascade in Refer-

ence {23].

The skin friction loss was calculated from the boundary layer profiles from:

y'= £/2£6
Pr-Pr. A"
(Loss)eriction = QrefVres I (Zmax = Zmin) __Q_f_’—f Vo dy
re, re
y'=%1/2

This equation assumes that there is no pressure gradient across the boundary layer and that the
boundary layer is two~dimensional. Note also that this quantity includes only the skin friction loss up
to the measurement station, which was taken at approximately 99% of the axial chord. The friction loss
beyond the measurement station was assumed to be negligible. Also, it was assumed that the friction
loss was the same for each configuration, since the pressure distributions were fairly similar.
suggesting similar boundary layer characteristics. The overall cascade loss, the individual loss

contributions, and the wake integral quantities are presented in Table 2 for each configuration. Skin
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friction was found to account for approximately 75% of the overall loss, with the remaining loss due to
mixing. The best configuration was Model 2, which reduced the overall losses and mixing losses by 2%

and 6%, respectively. This improvement is a direct result of increasing the base pressure and

eliminating vortex shedding. It should be noted that in Reference [19}, a circular trailing edge with a
23% smaller effective thickness as Model 2 had 7% less overall loss than Model 2. This result is
consistent with the 1.27 cm (0.5 in.) circular trailing edge having more base pressure recovery than

Model 2, as was described earlier.

TABLE 2
LOSS COMPARISON - LOW LOADING

Friction Loss per | Mixing Loss per Total Loss per
Model Unit Span Unit Span Unit Span 5"t o'/t
(Watts/m) (Watts/m) (Watts/m)
1 94.6 478 1424 0.735 0.552
2 94.6 4.9 139.5 0.769 0.551
3 94.6 484 143.0 0.799 0.568
4 94.6 48.2 142.8 0.781 0.563

To observe wake development, total pressure distributions were obtained at three locations
downstream of Model 1 and Model 2. Color contours of these distributions are presented in Figure
44 and 45, with violet representing the greatest loss, and red representing inviscid flow. For the pur-
pose of comparing the two wakes, the wake width has been defined as thc width cf the region between

the red (inviscid) contours on the pressure and suction sides of the wake.

At x'/t = 2, the baseline wake appears quite two-dimensional except for two perturbations on
the pressure side which were attributed to longitudinal (Taylor-Gortler) vortices which develop in the
boundary layer along surfaces with concave curvature (see References |24] and [25]). At this same
location, Model 2 has introduced a small periodic perturbation into the baseline wake due to the invis-
cid pressure field set up by the convolutions. The width of the wake was not affected by the trailing
edge grooves, however, the wake defect was reduced. The fact that the wake width was nearly the same
for both configurations supports the previous assumption that both had similar trailing edge bound-
ary layers. Farther downstream at x’'/t = 4.1, the periodic perturbation is still present downstream

of Model 2, and the wake defect and wake width are approximately the same for both trailing edges.
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Finally, at x'/t = 11.25, the perturbations imposed by Model 2 are no longer periodic, suggesting that
viscous forces are damping the inviscid pressure field set up by the grooved trailing edge. In addition,
the wake defect downstream of Model 2 is greater than that in the baseline wake. However, Model
2 has reduced the wake width from 3.9 trailing edge diameters to 3.6 trailing edge diameters, with all
of the reduction occurring on the suction side of the wake. The reduction in wake width offsets the

increase in wake defect, resulting in Model 2 having less loss than the baseline trailing edge.

To summarize the results discussed above, Model 2 eliminated vortex shedding, resulting in a
significant increase in base pressure recovery. The increase in base pressure recovery reduced the mix-
ing loss by 6% compared to the circular trailing edge. Model 3 demonstrated a smaller increase in
base pressure recovery,while Model 4 showed a decrease, though it was within the measurement uncer-
tainty. The mixing loss changes from Models 3 and 4 were small, both being within the measurcinent
uncertainty. Since Model 2 was the best performer, additional total pressure surveys were obtained
downstream of Models 1 and 2. Those surveys showed that in the near wake of the airfoil, Model 2
had a smaller wake defect as a direct result of increasing base pressure recovery. However, in the far
wake, Model 2 had a larger wake defect, indicating a slower far wake mixing rate than the circular
trailing edge. This finding is shown more clearly in Figure 46 which plots (P,min - P.)/Q. versus x'/t.
The values at x'/t = 0 were obtained by assuming the flow in the trailing edge region to be stagnant,
with the total pressure equal to the static pressure. The rate at which (Py_,, - P.)/Q. approaches one
(fully mixed) is a measure of the wake decay rate. Inmediately downstream of the trailing edge, Model

2 has a smaller wake defect (i.e., a larger value of (P,_min - P.)/Q. ) and a larger wake decay rate than

the baseline trailing edge, but farther downstream, the baseline wake is smaller and has a larger decay

rate.

Also shown in Figure 46 are results from Reference [19] for a 1.27 cm (0.5 in.) circular trailing
edge tested in the same facility, with the same flow conditions and upstream model geometry as Model
2. Itis interesting to note that the 1.27 cm (0.5 in.) thick trailing edge initially had a smaller wake defect

than the 2.54 cm (1.0 in.) thick trailing edge, but beyond x'/t = 2, the wakes are essentially equal. This
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result suggests that the far wake behavior is primarily determined by the trailing edge boundary layers

rather than the trailing edge diameter.

Though Model 2 has more loss and less base pressure recovery than the 1.27 cm (0.5 in.) thick
circular trailing edge, Figure 46 shows it to have a smaller wake defect up to approximately x'/t =
7. However, beyond x'/t = 7, both circular trailing edges have smaller wakes than Model 2 in addition
to a faster wake decay rate. Since blade rows are typically spaced more than 10 trailing edge diameters

apart, the grooved trailing edge would thus impose a larger wake defect on the subsequent blade row.

The increase in the wake defect and the slower wake mixing rate in the far wake were unexpected,
since all prior work with forced mixers and convoluted surfaces showed them to generate intense mix-
ing that extends far downstream of their trailing edge, due to the large scale vortices that they generate.
These large scale vortices are developed by the inviscid pressure field set up at the trailing edge by
the convolutions. In this study, it appears that the thick suction side and pressure side boundary layers
relative to the groove width and depth inhibited the formation of this inviscid pressure field, thereby
limiting the production and strength of the stirring vortices. Similar results are described in Reference
[11] where it was shown that boundary layer buildup within the troughs of an advanced mixer lobe

reduced the effective lobe amplitude and, consequently, the lobe circulation.

To further examine the effect of boundary layer thickness on wake mixing downstream of grooved
trailing edges, 109 cm (43 in.) of the straight section of the model were removed to reduce the boundary
layer thickness. The resultant Reynolds number based on nominal operating conditions and axial
chord length was 1.1(109). The elliptical leading edge was still used with this shortened chord configu-
ration. Boundary layer profiles, presented in Figure 47 show that removal of the straight section re-
duced the suction side displacement thickness and momentum thickness by 61% and 57%,
respectively, and reduced the pressure side displacement thickness and momentum thickness by 76%
and 78%, respectively. Since both the pressure side and suction side boundary layers were tripped
near the leading edge, the velocity profiles remained turbulent, as indicated by the suction side and

pressure side shape factors of 1.57 and 1.41, respectively.
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TABLE 3
LOSS COMPARISON - LOW LOADING, THIN BOUNDARY LAYER
Friction Loss per | Mixing Loss per | Total Loss per .
Model Cov Unit Span Unit Span Unit Span ot o/t
(Watts/m) (Watts/m) (Watts/m)
1 -0.328 333 284 61.7 0.324 0.277
2 -0.155 333 241 574 0.308 0.263
5 - 333 271 60.4 0.322 0.277

Base pressure coefficients, cascade losses, and wake integral quantities are presented in Table

3 for the thin boundary layer configuration. Results are presented for Model 1, Model 2 (which per-

formed the best with the thicker boundary layer), and Model 5 which was not previously tested. Model
5 was not instrumented and therefore, a base pressure coefficient could not be determined. Relative
to the previously described thick boundary layer configuration, the base pressure coefficients and
losses were reduced. In addition, the contribution of skin friction to the overall cascade loss dropped

from 75% to 54%.

With the thinner boundary layer, grooving the trailing edge had significantly more benefit in
terms of increased base pressure recovery and reduced mixing losses. With the thinner boundary layer,

Model 2 increased Cp, from -0.328 to -0.155 compared to -0.193 to -0.134 for the thick boundary

layer. Likewise, the mixing losses were reduced by 15% with the thin boundary layer compared to 6%
with the thick boundary layer. Model 5 was found to be less effective than Model 2, reducing the mixing

loss by only 5%.

Color contours of the total pressure distributions at x'/t = 11.25, downstream of Models 1 and
2, are presented in Figure 48. Once again, violet represents the highest loss region, while inviscid flow
is red. In this configuration, the wake defect of each trailing edge is approximately equal atx'/t = 11.25.
In addition, Model 2 reduced the wake width from 3.4 to 2.8 trailing edge diameters, with the entire
reduction occurring on the suction side of the wake. A similar, though less pronounced, result was
observed with the thicker boundary layer. Also, the perturbation on the wake is more periodic com-
pared to that with the thicker boundary layer (Figure 45). This result supports the previous claim that

the thick trailing edge boundary layers described earlier damped out the inviscid pressure field that
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is set up by the trailing edge convolutions. Note, howe*er, that even with the thinner b_undary layer,
the large scale structures which are usually evident downstream of mixers still are not obs *rved. It
is furthermore shown in Figure 49 that the trends in the wake decay rate observed with the thin bound-
ary layer is consistent with that observed with the thicker boundary layer (i.e., the effect of the grooves

is felt mainly near the trailing edge).

To summarize the low loading results, grooving the trailing edge of a simuwated compressor a'r-
foil, with loading conditions and boundary layer characteristics typical of on-design operation, in-
creasec. base pressure recovery and eliminated vortex shedding. The elimination of vortex shedding
was attributed to the breakup of the tr.iling edge coherence and the reduction of the base area. As
a result of the increased base pressure recovery, mixing loss was reduced by 6%, and overall loss was
reduced by 2%. Wake surveys showed that between x'/t = 0 and x'/t = 7, the groov=4 trailing edge
had a smaller wake defect than the baseline trailing edge; however, beyond x'/t = 7, the mixing rate
slowed, resulting in the grooved trailing cdge having a larger wake defect, though smaller wake width.
With much thinner (and less realistic) boundary layers, the grooved trailing edge’s wake defect was
smaller than the baseline’s wake defect to beyond x'/t = 11.25. In addiuon, with the thinner boundary

layer, the grooved trailing edge reduced mixing ioss by 15% and overall loss by 6%. This dependence
on boundary layer thickness suggests that the ratio of the boundary layer characteristics (6~ and 6)

to the groove depth and heigat plays an impc -tant role in the development of the inviscid pressure
field that generates the stirring vortices downstream of convoluted surfaces. This result is consistent

with findings in Reference [11}.

When compared to a circular trailing edge with 23% less effective base area as t':2 grooved trail-
ing edge, the grooved trailing edge had less base pressure recovery and more loss. The grooved trailing
edge had a smaller wake defect outtox'/t = 7, but I d a larger wake defect effect farther downstream.
In the far wake, both the 1.27 cm (0.5 in.) and 2.54 cm (1.0 in.) diameter circular tiailing edges demon-

strated the same wake behavior.
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SUMMARY OF RESULTS

1. Under a high loading condition, typical of off-design compressor operation, a baseline circular
trailing edge demonstrated flow separation approximately four trailing edge diameters upstream
of the trailing edge. Under a low loading condition, typical of on-design compressor operation,

a baseline circular trailing edge demonstrated flow separation only at the trailing edge circle.

2. The original RTE design, at the high loading condition, resulted in approximately a 50% increase
in the chordwise extent of the separated flow observed on the baseline trailing edge. This increase

was attributed to the 10 degree increase in turning in the suction side trough (a; = 10 degrees),

and insufficient three-dimensional boundary layer relief.

3. Even though the original RTE was more grossly separated, it required significantly less endwall
suction to obtain two-dimensional flow over 80% of the tunnel span compared to 35% of the tun-
nel span for the baseline trailing edge. This effect was attributed to the ripples breaking up the
continuous trailing edge separation into isolated stall cells, thereby reducing the tendency of the

sidewall boundary layers to migrate toward the low pressure region created by the separation.

4. A modified RTE (RTE 2) with converging suction side lobes, and with a, = () degrees, eliminated

the large scale separation that was present with both the circular trailing edge and the original

RTE.

5. The modified RTE (RTE 2) showed a small “apparent” loading reduction comparcd to the base-
line circular trailing edge, even though RTE 2 was unseparated. This result was attributed to a
combination of modifying only five lobes. and a possible increase in wake convection angle due
to the three-dimensional contouring of the trailing edge. This “apparent” loading reduction is not

necessarily indicative of what would occur in a two-dimensional cascade of multiple RTE airfoils.

6. For the low loading condition. grooving the circular trailing edge increased base pressure recovery
(which varied inversely with groove depth), and eliminated vortex shedding. As a result, with real-

istic compressor trailing edge boundary layer characteristics, mixing loss was reduced by 67 and
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overall loss was reduced by 2% compared to the baseline trailing edge. With thinner. less realistic

boundary layers, the grooved trailing edge reduced mixing loss by 15% and overall loss 6%.

7. For the configuration with realistic boundary layers, the grooved trailing edge had a smaller wake
defect out to seven trailing edge diameters from the trailing edge. Beyond that, the mixing rate
slowed, and the baseline trailing had a smaller wake defect. For the thinner boundary layer config-
uration, the grooved trailing edge had a smaller wake defect out to 11.25 trailing edge diameters

from the trailing edge. This dependence on boundary layer thickness suggests that the ratio of the
boundary layer characteristics (6°and 6) to the groove depth and height plays an important role

in the development of the inviscid pressure field that generates the stirring vortices which help

to mix out the wake. This result agrees with results in Reference [11].

8. When compared to a circular trailing edge tested in Reference [19] with 23% less effective base
area as the grooved trailing edge, the grooved trailing edge had less base pressure recovery and
more loss. However, the grooved trailing edge had a smaller wake defect out to x'/t = 7. In the
far wake, both the 1.27 cm (0.5 in.) diameter trailing edge tested in Reference {19} and the 2.54

cm (1.0 in.) diameter trailing edge tested in the present study had the same wake behavior.

9. Ananalytical treatment of rippled surface geometries requires a zonal analysis approach, wherein
the salient surface features can be locally modeled without resorting to either computationally in-

tensive calculations or approximate calculations that incorrectly mode: the problem.
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CONCLUDING REMARKS

A research program was conducted to assess the potential benefits of using the Rippled Trailing
Edge (RTE) concept on compressor airfoils for separation alleviation and wake mixing enhancement.
A large scale cascade simulation was performed on a simulated compressor airfoil under two loading
conditions; a high loading condition typical of off-design operation and a low loading condition typical
of on-design operation. Both loading conditions were tested with a baseline circular trailing edge. and

with various rippled trailing edges.

Results from the high loading study showed that the original RTE design increased the chordwise
extent of the separation by 50% compared to the circular trailing edge. Modifications performed to
the RTE toincrease three-dimensional boundary layer relief resulted in a trailing edge that eliminated
separation. The effect on airfoil loading could not be evaluated since the cascade facility employed

did not exactly simulate a two-dimensional periodic, compressor cascade.

From the experimental results, it is concluded that the RTE concept has potential for separation
alleviation on highly loaded compressor airfoils. However, the failure of the first design shows that
many unknowns still exist regarding the three-dimensional boundary layer relief concept, and that
non-optimal geometries can adversely affect separation. Further testing of ripples on more basic, iso-
lated airfoils is suggested in order to develop further understanding of the three-dimensional bound-
ary layer relief mechanism, without having to consider the inherent problems associated with the
cascade testing described herein. After developing such a data base, Rippled Trailing Edges can then
be evaluated for application to the more complex case of a cascade where curvature and three-

dimensional effects are significant.

Results from the low loading study showed that grooving a simulated circular cempressor trailing
edge increased base pressure recovery and eliminated vortex shedding. As a result, mixing loss was
reduced by 6%, and overall loss was reduced by 2%. However, beyond seven trailing edge diameters
downstream of the airfoil, the grooved trailing edge had a larger wake defect, through smaller wake
width, than the baseline trailing edge. Since blade rows are typically spaced more than 10 trailing edge

diameters apart, the grooved trailing edge would thus impose a larger wake defect on the subsequent
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blade row. It is concluded that for compressor applications, grooving the trailing edge of a circular

airfoil is not an effective method of reducing trailing edge loss, since it imposes a larger wake defect

on the subsequent blade row. For thinner boundary layer applications, a grooved trailing edge did
show enhanced wake mixing, with a reduced wake defect beyond 11 trailing edge diameters down-

stream of the airfoil.
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RECOMMENDATIONS

The resulits of this study show that the RTE concept has potential for separation alleviation on
highly loaded compressor airfoils. However, the cascade simulation that was employed was not truly
two-dimensionai, and thus could not provide airfoil loading information. In addition, the effect of the
RTE on airfoil performance at design point operation is still unknown. Further testing of ripples on
more basic, isolated airfoils is suggested in order to develop further understanding of the three-
dimensional boundary layer relief concept, without having to consider the inherent problems asso-
ciated with cascade testing as described in this report. After developing such a data base (including
the effect of the RTE on unseparated airfoil performance), Rippled Trailing Edges can then be eva-
luated for application to the more complex case of a cascade where curvature and three-dimensional

effects are significant.
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Constant area; A = A, = A
Incompressibie: ¢ = @ = o

let overbar denote area average

Conservation of mass:

JV,dA = JVsz
1
VZ = —J V;dA
A
Vz = V1
A-1
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Conservation of momentum (axial):
2+ oviaa = [(P: + oviaa
(P,-P)A = [ oVidA- (VA
(Pz - PI)A = J Q(V% - (vx)z)dA
P,A=PA+ JQ(Vg - (V—l)z)dA
P,A = PA + o(V)A - o(V,’A
P,=P + Q(V?)_Q(\—,l)z
1 2
Pn = P2 + 59\12
l {7/ \2
=P, + 59("1)
Nl UV
P, =P + Q(Vx)‘EQ(vl) uniform
1, .
Py, =P + EQV1 nonuniform
/2 1 2 1 2
Prp-Pn = (V) - EQ(VI) - E(’Vl

Loss = J(Pn - PTl)VldA

L 1 . 1
Loss = o(V)V,A - 2 Q(vx)JA - 2 o(VHA

D B &5 G 55 OGN 55 G5 BN OGN M BN SN OGN GR B B O e




